ABSTRACT The Escherichia coli DNA replication origin (oriC) and the adjacent asparagine synthetase gene (asnA) have been inserted into the duplex replicative form DNA of the single-stranded phage vector Ml3Goril. By in vitro recombination, the entire oriCasnA-containing plasmid pJS5 was inserted into M13Goril in both possible orientations. Both phage types transduce the asnA gene and confer upon the M13 vector the ability to replicate as a plasmid in the E. coli mutant rep3. In rep+ hosts, these phages undergo single-stranded DNA synthesis and viral morphogenesis. The mechanism by which the strands of duplex DNA are separated to serve as template during Escherichia coli chromosomal replication is unknown. Recent studies have indicated that a host enzyme, the rep protein, functions in this strand separation process during replication of the single-stranded DNA phage OX174 (1, 2) . A similar function has been proposed for rep protein in the replication of the E. coli chromosome. However, a mutation in the E. coli rep gene (3), that prevents replication of the duplex replicative form (RF) of the singlestranded DNA phages OX174, G4, and M13 has little effect on the replication of the bacterial chromosome (4). Does this striking difference in the requirement for the rep function relate to the considerably greater structural and topological complexity of the bacterial chromosome or possibly to a different location of the viral DNA within the cell? We have addressed these questions by inserting the E. coli replication origin (oriC) We have sought to study more closely the involvement of rep protein in DNA replication under conditions uncomplicated by the structural complexity of the bacterial chromosome. The results presented here indicate that oriC-dependent replication still occurs in a rep-host even when oriC is contained within a small viral DNA molecule that otherwise requires the rep function for even a single round of duplex DNA replication.
the replication of the bacterial chromosome (4) . Does this striking difference in the requirement for the rep function relate to the considerably greater structural and topological complexity of the bacterial chromosome or possibly to a different location of the viral DNA within the cell? We have addressed these questions by inserting the E. coli replication origin (oriC) into the chromosome of an M13 phage vector and investigated its replication in an E. coli rep mutant.
The mutant reps was isolated by Denhardt et al. (3) on the basis of its resistance to OX174-type bacteriophages (3) . It was also found to be unable to propagate the unrelated filamentous single-stranded DNA phages of the M13 type. Analysis of viral DNA synthesized in E. coli rep3 revealed that the infectious process of the single-stranded DNA phages OX174, G4, and M13 is blocked at a specific step in the DNA replication cycle, the replication of the parental RF (5) (6) (7) . In each case, the infecting single-stranded circular viral DNA was converted to RF and specifically nicked in the viral strand preparatory to initiating replication of the viral strand, presumably by a rolling circle mechanism (8) . The nicking event has been shown to be mediated by the only phage-specified protein directly required for replication of the parental RF. In the case of 4X174 and presumably G4, this protein is encoded by gene A (9, 10) . In the case of M13, this protein is encoded by gene 2 (11) . Replication beyond this point is inhibited, and essentially all of the viral DNA accumulates as the parental RF, containing the infecting viral strand and its newly formed complementary strand. The block in phage replication due to the absence of rep function thus appears to be at a step subsequent to nicking of the viral strand. We have sought to study more closely the involvement of rep protein in DNA replication under conditions uncomplicated by the structural complexity of the bacterial chromosome. The results presented here indicate that oriC-dependent replication still occurs in a rep-host even when oriC is contained within a small viral DNA molecule that otherwise requires the rep function for even a single round of duplex DNA replication.
MATERIALS AND METHODS
Bacterial and Phage Strains. The bacterial strains used are derived from E. coli K-12. Their origin and genotypes are given in Table 1 . The construction of the Ml3Goril phage vector and M13::Tn3-15 has been described (12, 13) .
Microbiological Procedures. P1 vir stocks were prepared and P1 transductions were performed as described (14) . Stocks of the chimeric phages were prepared from single plaques by using E. coli K-37 as the host as described (14) . Because the viral DNAs contain E. coli K restriction/modification sites, K-37, which is rK+ mK+, was used as host for preparation of phage stocks. YT broth, L broth, minimal A glucose medium, and plates were prepared as described (14) .
Enzymes. Hae III restriction endonuclease was prepared by a slight modification of the technique described by Roberts et al. (15) 
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. length linear molecules and was combined with Xho I-digested pJS5 DNA. The mixture was treated with T4 DNA ligase under conditions described by de Vries et al. (21) . Calcium chloride-treated E. coli LA-6 was then transfected with the ligated DNA (22) and plated for M13 plaque formation. The resulting plaques were screened by plaque hybridization (23) . Plaques containing DNA complementary to the pJS5 DNA probe labeled by nick translation were isolated. RF DNA from these isolates was prepared (24) and analyzed by restriction and agarose gel electrophoresis (25) . Restriction Endonuclease Digestion of DNA and Gel Electrophoresis. Digestions were performed at 370C for 2 hr with sufficient enzyme to give complete digestion. Hae III buffer contained 6 mM Tris-HCI (pH 7.5), 6 mM NaCI, 6 mM MgCl2, 6 mM mercaptoethanol, and 100 ,gg of gelatin per ml.
Hpa II buffer contained 10 mM Tris-HCI (pH 7.4), 10 mM MgCI2, 6 mM KCI, 1 mM dithiothreitol, and 100 tg of gelatin per ml. Digestion mixtures were placed on ice after incubation and made 0.1% in bromophenol blue and 5% (wt/vol) in glycerol prior to electrophoresis. They were then layered onto a 4% vertical polyacrylamide slab gel, electrophoresed, stained with ethidium bromide, and photographed (25) . Unrestricted DNA isolated from a crude lysate (24) was analyzed by gel electrophoresis on a 0.7% horizontal agarose gel, stained with ethidium bromide, and photographed (25) . RESULTS
Characterization of Ml3oriC26 and Ml3oriC81
RFs by Restriction Enzyme Cleavage. To establish clearly the identity and orientation of the cloned DNA, the recombinant DNAs were cleaved with Hae III or Hpa II. When M13oriC26 RFI or Ml3oriC81 RFI was cleaved with Hae III, the resulting restriction patterns (Fig. 1, lanes 3 and 4) showed bands that comigrated with those of both Hae III-cleaved Ml3Goril supercoiled RF (RFI) (lane 1) and Hae III-cleaved pJS5 (lane 2). The doublet band of lane 1 migrating at the position of a 440-bp fragment appeared as a singlet band in the corresponding positions of lanes 3 and 4. This result indicates that the site of insertion of pJS5 into M13GonTl is within one of the restriction fragments of the doublet, as expected from the known location of the single Xho I site. The Hae III fragment of greatest molecular weight of pJS5 shown in lane 2 of Fig. 1 (26, 27) (26) . The lettered segments represent G4 genes (27) (20,ug/ml) . * Plating efficiency is defined as non-asparagine-requiring colony-forming units (CFU)/ml divided by total CFU/ml or ampicillin-resistant CFU/ml divided by total CFU/ml.
Ml3oriC26 and M13oriC81 RF in the long-term infected cells would indicate that the DNA is self-replicating in rep + and rep-hosts. In addition, some indication of the efficiency of replication from oriC in the rep-host is provided by comparison of cleared lysates of LS108 and LS130 infected cells. Lanes 1 and 12 of Fig. 3 show cleared lysates of uninfected LS108 and LS130, respectively; the DNA species present in these lanes were host chromosomal DNA. Lanes 2 and 11 show the above cleared lysates plus 0.1 Atg of purified MlSoriC81 RFI admixed as a marker; the marker M13oriC81 RFI migrated faster than the host DNA. Lanes 3 and 4 show cleared lysates from two independent asn+ isolates derived from M13oriC26 infected colonies of LS108. Lanes 5 and 6 show cleared lysates of two asn + isolates of LS108 infected with Ml3oriC81 phage. In lanes 3-6, a DNA species that comigrated with the marker MloriC81 RFI in lane 2 was present, indicating that physically detectable levels of cytoplasmic Ml3oriC26 and Ml3oriC81 DNA are present in long-term infections of LS108 (rep-). Lanes 7 and 8 show cleared lysates from two independent asn + isolates of LS130 (rep+) infected with Ml3oriC26 phage; lanes 9 and 10 show cleared lysates from two independent asn + isolates of LS130 infected with M13oriC81 phage. Lanes 7-10 show that Ml3oriC26 RFI and Ml3oriC81 RFI are present in long-term infections of LS130 (rep+) as indicated by the presence of a DNA species comigrating with the M13oriC81 RFI marker in uninfected LS130 (lane 11). 1 2 3 4 5 6 7 8 9 10 11 12 FIG. 3. Agarose gel electrophoresis of cleared lysates. Single colony isolates of M13oriC26 or M13oriC81 phage-infected (nonasparagine-requiring) or uninfected (asparagine-requiring) LS130 or LS108 were used to inoculate 8 ml of minimal glucose medium with or without 100,tg of L-asparagine per ml. The cells were grown overnight at 370C with aeration and used to prepare cleared lysates (24 The minilysate analysis demonstrates that no illegitimate recombination had occurred to allow complementation of the asn-mutation but, instead, that the oriC asnA-containing hybrid DNA molecules were maintained as autonomously replicating species. The experiment provides further support for the conclusion that the cloned oriC functions to allow the chimeric molecules to replicate in the absence of the rep protein. The analysis also provides an indication of the efficiency of replication from oriC in the rep-host. (29) and by a mechanism in which transcripts normally pass through the intergenic space (30) (31) (32) zymes catalyzing DNA strand separation have been discovered in E. coli (33) (34) (35) .
(ii) Another unwinding enzyme may substitute for the rep protein in E. coli replication forks but not in M13 replication forks. (iii) The reps mutation may alter the ability of rep protein to function in asymmetrically replicating molecules in which one side of the replication fork remains single stranded throughout the replication cycle while not affecting its ability to function in replication forks in which both sides of the fork are rapidly converted to a duplex form. By whatever mechanisms the Ml3oriC phages escape the inhibition of the reps mutation, the rep-independent replication of these phages indicates that the viral DNA has acquired replication properties characteristic of the E. coli chromosome which is some 400-fold larger. The availability of small phages capable of replicating either by the usual M13 mechanism or by the E. coli mechanism will facilitate both biochemical and genetic studies of chromosome replication in E. coli. Because the cloned bacterial replication origin is not essential for replication and morphogenesis of the chimeric phage genome, the isolation of mutants defective in initiation from the E. coli origin should be feasible. In addition, the use of these viral DNAs as templates for in vitro replication by the bacterial replication mechanism may provide a means for isolating the factors responsible for initiation at the E. coli replication origin.
